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Introduction
Genes that differ in expression between males and females, known as sex-biased genes, can provide insight into a number of important issues in genome evolution. This is because they may be subject to differing selective constraints depending on the sex in which they are expressed or they may experience conflicting selective pressures in males and females (reviewed by Ellegren and Parsch 2007) . In Drosophila, male-biased genes, especially those expressed in reproductive tissues, show consistently high levels of adaptive protein evolution (Pröschel et al. 2006) , as well as elevated levels of amino acid divergence between species Haerty et al. 2007; Zhang et al. 2007 ; but see Metta et al. 2006 and Dorus et al. 2006 for exceptions). Female-biased genes show a signal of adaptive evolution that is weaker and less consistent than that of male-biased genes, but stronger than that of genes expressed equally in the 2 sexes (unbiased genes; Pröschel et al. 2006) . Previous studies that have used combined polymorphism and divergence data to infer the type and strength of selection acting on sex-biased genes have thus far been limited to autosomal genes. Because males and females differ in ploidy of the X chromosome, a similar analysis of X-linked sex-biased genes may prove valuable for uncovering evolutionary differences between the X chromosome and the autosomes (reviewed by Vicoso and Charlesworth 2006) .
Microarray studies of Drosophila species have revealed an unequal distribution of sex-biased genes between the X chromosome and autosomes, with male-biased genes greatly underrepresented and female-biased genes slightly overrepresented on the X (Parisi et al. 2003; Ranz et al. 2003; Sturgill et al. 2007) . Because theory predicts that X-linked genes may respond differently to sexual antagonism, depending on the dominance of the antagonistic effects (Rice 1984; Charlesworth et al. 1987 ), these observations have led some authors to propose that the uneven distribution of sex-biased genes may be the result of such genetic conflict (Parisi et al. 2003; Ranz et al. 2003; Connallon and Knowles 2005 ; but see Rogers et al. 2003 and Vicoso and Charlesworth 2006) . The evolution of genes residing on the X chromosome may also be influenced by the so-called ''fast-X'' effect, which leads to a higher rate of adaptive substitution at X-linked loci if new beneficial mutations are, on average, recessive (Charlesworth et al. 1987; Orr and Betancourt 2001) . This effect may be especially relevant to male-biased genes, as they show high rates of adaptive evolution and are primarily subject to selection in the heterogametic sex (Vicoso and Charlesworth 2006; Ellegren and Parsch 2007) .
A number of recent studies have provided evidence for the faster evolution of X-linked genes in mammals (Torgerson and Singh 2003; Wang and Zhang 2004; Khaitovich et al. 2005; Lu and Wu 2005; Nielsen et al. 2005; Torgerson and Singh 2006; Baines and Harr 2007) and Z-linked genes in birds (Mank et al. 2007) . However, similar studies in Drosophila have produced mixed results. These studies adopted several different strategies to test for a fast-X effect, including 1) comparing large numbers of X-linked and autosomal genes (Betancourt et al. 2002; Richards et al. 2005; Musters et al. 2006; Connallon 2007) , 2) comparing X-linked and autosomal duplicate genes Long 2002, 2005) , and 3) comparing orthologs that differ in chromosomal location between lineages due to translocation (Counterman et al. 2004 ; Thornton et al. 2006) . Although some of the above studies found evidence for a fast-X effect Long 2002, 2005; Counterman et al. 2004; Musters et al. 2006) , 2 recent and extensive analyses found no evidence for faster-X evolution (Thornton et al. 2006; Connallon 2007) . However, these studies either lacked polymorphism data necessary for estimating the rate of adaptive evolution (Thornton et al. 2006) or had limited data for sex-biased genes (Connallon 2007) . A genome-wide analysis of polymorphism and divergence in Drosophila simulans revealed a general increase in the evolutionary rate of X-linked loci (including noncoding sequences), although this effect could not be attributed to an increased rate of adaptive evolution (Begun et al. 2007 ). Comparative analysis of 12 Drosophila genome sequences using codon-based substitution models uncovered a marginally significant excess of positively selected genes on the X chromosome (Drosophila 12 Genomes Consortium 2007), although this was not consistent over different lineages of the Drosophila phylogeny (Singh et al. 2007 ).
Here we analyze polymorphism and divergence in a set of 45 X-linked genes that were specifically chosen on the basis of their relative expression level in the 2 sexes. This includes 17 male-biased genes, 13 female-biased genes, and 15 unbiased genes. Genes and population samples were selected to be directly comparable to previously published data from 91 autosomal sex-biased genes (Pröschel et al. 2006) . Overall, we detect a significant signal of positive selection in the X-linked sex-biased genes, with the strongest and most consistent signal in the male-biased genes. This matches the pattern seen for autosomal genes. Additionally, we find evidence for increased adaptive evolution of X-linked genes, which is consistent with a fast-X effect. Comparative genomic analysis of Drosophila melanogaster, D. simulans, and Drosophila yakuba also reveals a strong fast-X effect for male-biased genes and a weak, but significant, fast-X effect for unbiased genes. These results suggest the frequent occurrence of recessive beneficial mutations.
Materials and Methods

Gene Selection
Sex-biased and unbiased genes were chosen following the criteria of Pröschel et al. (2006) , with the additional requirement that all genes be located on the X chromosome. Briefly, the combined expression data of 3 independent microarray experiments performed on D. melanogaster (Parisi et al. 2003; Ranz et al. 2003; Gibson et al. 2004 ) was used to define a high-quality consensus set of sex-biased genes (Gnad and Parsch 2006) . Male-biased genes were required to have an average male/female expression ratio of at least 2 (mean 5 6.0), whereas female-biased genes were required to have a male/female expression ratio ,0.5 (mean 5 0.36). Unbiased genes were required to have a male/female expression ratio between 0.5 and 2.0 but were generally selected to have a ratio very near 1.0 (mean 5 1.01). A complete list of genes is given in supplementary table S1 (Supplemental Material online).
Because one of the microarray data sets used for gene selection compared male and female reproductive tissues (Parisi et al. 2003) , we expect many of our genes to be expressed in the gonads. Using the tissue-specific expression data of FlyAtlas (Chintapalli et al. 2007) , we find that 16 of the 17 X-linked male-biased genes have enriched expression in testis. The remaining gene (CG1503) shows enrichment in accessory gland, as well as in other tissues (brain, crop, midgut). On average, the degree of testis en-richment for the 17 genes was 11-fold in comparison to the whole fly. Similarly, we found that all 33 of the autosomal male-biased genes from Pröschel et al. (2006) were expressed in testis, with an average enrichment of 10-fold. For the X-linked female-biased genes, 12 out of 13 showed enriched expression in ovary (average 5 1.9-fold), whereas the remaining gene (CG3004) showed enrichment in tubule, midgut, and hindgut. All 28 of the autosomal female-biased genes from Pröschel et al. (2006) showed ovary enrichment (average 5 2.2-fold). In general, the male-biased genes showed greater gonad enrichment and greater sex bias in their expression than the female-biased genes, which is consistent with patterns reported for the whole genome (Gibson et al. 2004; Parisi et al. 2004) .
In order to minimize the effects of other factors known to influence rates of evolution, such as coding sequence length, intron length, or recombination rate (Comeron and Kreitman 2002; Comeron and Guthrie 2005; Presgraves 2005; Zhang and Parsch 2005; Haddrill et al. 2007) , genes were selected to fall within a relatively narrow length distribution, have similar intron/exon structures, and experience similar levels of recombination. The average gene lengths in base pairs (standard deviations) for male-, female-, and unbiased genes were 896 (204, n 5 17), 968 (259, n 5 13), and 837 (232, n 5 15), respectively. The average recombination rates (standard deviations), in terms of the measure R (Hey and Kliman 2002) were 3.36 (1.37), 3.34 (1.24), and 2.96 (1.41) for male-, female-, and unbiased genes, respectively.
Aside from the male/female expression ratio, no other functional information was used in gene selection. The vast majority (89%) were unnamed genes known only by their annotation numbers, and only 24% were associated with a Gene Ontology molecular function. None of the genes was previously known to have undergone adaptive evolution, and none belonged to a functional group known to experience frequent adaptive evolution, such as accessory protein genes or immune response genes (Swanson et al. 2001; Schlenke and Begun 2003) . Furthermore, interspecific divergence was not considered during gene selection. Thus, we expect that our gene set is a random sample of X-linked genes of each sex-biased expression class.
Fly Strains, Polymerase Chain Reaction, and Sequencing
For the polymorphism survey, we used 12 highly inbred D. melanogaster strains from Lake Kariba, Zimbabwe. These same strains were used in previous genome-wide polymorphism surveys (Glinka et al. 2003; Ometto et al. 2005; Pröschel et al. 2006) , which allows us to directly compare results between studies. The D. melanogaster genome (release 4.0; http://www.flybase.org) was used to design polymerase chain reaction (PCR) primers flanking the coding sequence of each target gene. A complete list of the PCR primers, as well as the cycling conditions used for each gene, is provided in supplementary table S2 (Supplemental Material online). When possible, the same primers were used to amplify the orthologous gene from a highly inbred strain of D. simulans from Chapel Hill, NC (Meiklejohn et al. 2004) . Following PCR, the amplified products were purified with ExoSAP-IT (USB, Cleveland, OH) and sequenced from both strands using BigDye chemistry and a 3730 automated sequencer (Applied Biosystems, Foster City, CA). The PCR primers were used as sequencing primers. When necessary, additional internal sequencing primers were used (see supplementary table S2, Supplemental Material online). For some genes, we were unable to get successful PCR or DNA sequence from all 12 D. melanogaster strains. The average number of strains sequenced per gene was 11 (see supplementary table S1, Supplemental Material online). For 29 genes, we were unable to obtain a PCR product from D. simulans. In these cases, we used the sequence from the D. simulans genome project (Washington University School of Medicine Genome Sequencing Center) downloaded from the UCSC Genome Browser (http://genome-test.cse.ucsc.edu/). For all genes, the D. yakuba sequence was downloaded from the above source. All new DNA sequences have been submitted to the GenBank/EMBL databases under the accession numbers AM998825-AM999334.
Analysis of Polymorphism and Divergence
Basic polymorphism and divergence statistics were calculated using DnaSP 4 (Rozas et al. 2003) . For McDonald-Kreitman (MK) table data, we used the number of segregating mutations (instead of the number of segregating sites) because some genes had sites with 3 segregating variants. In these cases, the frequency of each mutation was considered separately for calculation of Tajima's D and the identification of singleton polymorphisms. For divergence, we included only sites showing a fixed difference between D. melanogaster and D. simulans. Multilocus Tajima's D tests were performed using the HKA program, which was kindly provided by J. Hey. To calculate the fraction of positively selected amino acid substitutions, a, with the method of Bierne and Eyre-Walker (2004), we used the DoFE program, which was kindly provided by A. Eyre-Walker. The method of Bustamante et al. (2002) for estimating the posterior distribution of the selection parameter, c, was implemented through the MKPRF web server (http://cbsuapps.tc.cornell.edu/mkprf.aspx).
To estimate the fitness effects of the complete mutational distribution for each gene or group of genes, we modified the method of Sawyer et al. (2003 Sawyer et al. ( , 2007 to include a third, outgroup species (D. yakuba). The population pedigree of the 3 species was parameterized by 2 time parameters, t 1 for the distance from the present to the common ancestor of D. melanogaster and D. simulans and t 2 for the distance between that common ancestor and the common ancestor of the 3 species. The times t 1 and t 2 are measured in generations scaled by the within-species haploid effective population size, which was assumed to be the same for the 3 species. In particular, the scaled evolutionary distance in the pedigree between the present and the root is t 1 þ t 2 and the distance between the common ancestor of D. melanogaster and D. simulans, and D. yakuba is 2t 2 þ t 1 .
An extended 2 Â 3 MK table (also known as a DPRS table) was calculated for each of the 45 loci, with rows of the tables corresponding to nonsynonymous (R) and synonymous (S) codon positions, respectively. The first column entries are the numbers of codon positions that are polymorphic within the D. melanogaster sequences, with adjustments for codon positions that show evidence for more than 1 mutation since the common ancestor of the 3 species. Specifically, a codon position with K . 2 segregating codons was counted as K À 1 . 1 polymorphisms instead of 1. Codon positions with missing data in any sequence were disregarded in the analysis.
The second column in the DPRS table is the number of ''fixed difference'' codon positions between D. simulans and D. melanogaster at that locus, which was computed as the number of codon positions at which the single D. simulans codon differs from all segregating codons in the D. melanogaster sample at that codon position. Similarly, the third DPRS column is the number of codon positions at which the D. yakuba codon differs from the D. melanogaster and D. simulans samples combined. In particular, the first 2 columns are determined entirely by the D. melanogaster and D. simulans sequences, although the counts are influenced by the need for a common alignment with the D. yakuba sequence.
The third-column DPRS counts are the result of mutations in a path of length 2t 2 þ t 1 in the population pedigree that does not overlap with the pedigree of D. melanogaster and D. simulans. It follows from the basic model assumptions (Sawyer and Hartl 1992) that the third-column counts are independent of the first 2 columns, and from this that the DPRS counts are independent Poisson random variables with means given by model parameters. The 45 2 Â 3 DPRS tables derived from the locus alignments were analyzed using a Markov Chain Monte Carlo method similar to that of Sawyer et al. (2007) for 2 Â 2 DPRS tables. While the scaled synonymous and nonsynonymous mutation rates h s and h r for each locus are assumed constant on the 3-species pedigree, the only additional parameter is the second divergence time t 2 . As in previous models (Bustamante et al. 2002; Sawyer et al. 2003 Sawyer et al. , 2007 , the ratios h r /h s are not constant across loci because nonsynonymous mutations that result in strongly deleterious protein products are effectively censored in the diffusion time scale, which results in smaller estimated values of h r .
See Templeton (1996) for other examples of the use of MK-like tables of size larger than 2 Â 2.
Comparative Genomic Analysis
Genome-wide comparisons of nonsynonymous/synonymous substitution rates (d N /d S ) of male-, female-, and unbiased genes were performed using the high-quality 2fold sex-biased gene set and d N /d S values downloaded from the Sebida database (Gnad and Parsch 2006 ; http://www.sebida.de). Genes located on chromosome 4 and those not mapped to chromosomal locations were excluded from the analysis. In addition, we required that the alignment of each gene between D. melanogaster and D. simulans (or D. yakuba) span at least 80% of the codons in the D. melanogaster protein-coding sequence. The higher quality of the D. yakuba sequence assembly (Drosophila 12 Genomes Consortium 2007) resulted in a greater number of aligned genes between D. melanogaster and D. yakuba than between D. melanogaster and D. simulans. Repeating the above analysis using a sex-biased gene set defined by a statistical cutoff (false discovery rate of 10%; Gnad and Parsch 2006) instead of a fold-change cutoff produced nearly identical results, which are not shown. Similarly, varying the percentage of aligned codons required between species from 50% to 100% had negligible effect on the results (not shown).
Results
MK Tests
In total, we collected DNA sequence polymorphism and divergence data for 45 X-linked protein-coding genes, including 17 with male-biased, 13 with female-biased, and 15 with unbiased expression. To evaluate the type of selection operating on individual genes, we applied single-locus MK (McDonald and Kreitman 1991) tests (table 1) . The highest proportion of significant MK tests was found for male-biased genes (7/17), all of which deviated in the direction of positive selection (i.e., a relative excess of nonsynonymous divergence; table 2). Female-biased and unbiased genes displayed lower proportions of significant deviations from neutrality (3/13 and 3/15, respectively) and were less consistent in the direction of their departure (2 and 1 departed in the direction of positive selection, respectively; table 2). The 3 genes with significant MK tests that were inconsistent with positive selection (i.e., those with a relative excess of nonsynonymous polymorphism) appear to be cases of weak purifying selection (see below). Application of the MK test to the summed values of polymorphism and divergence within each class revealed a significant departure from neutrality in the direction of positive selection for both male-and female-biased genes, whereas the unbiased genes did not differ from the neutral expectation (table 1) . Although the use of summed MK tables can potentially lead to a false signal of positive selection (Shapiro et al. 2007 ), this does not appear to be the case for our data, as the individual MK tables for male-and female-biased genes show a consistent trend toward a relative excess of nonsynonymous divergence (see supplementary table S1, Supplemental Materials online).
Estimation of the Proportion of Adaptive Amino Acid Replacements, a
The maximum likelihood method of Bierne and Eyre-Walker (2004) extends the MK test to multiple loci to estimate the fraction of amino acid replacements between species that were fixed by positive selection (a). In the case of neutral evolution, a is expected to be 0. A positive value of a indicates positive selection, whereas a negative value can indicate either balancing or weak purifying selection. For male-biased genes, the estimated a was 62% and was significantly greater than 0 ( fig. 1A ). The estimated a for female-biased genes was 33% but did not differ significantly from 0. In the case of unbiased genes, the estimated a was negative ( fig. 1A ). This appears to be the result of weak purifying selection, which allows slightly deleterious nonsynonymous mutations to persist at low frequency in a population but prevents them from reaching fixation. This interpretation is supported by the overall low frequency of nonsynonymous polymorphisms, as measured by Tajima's (1989) D statistic (table 3) . The average Tajima's D for nonsynonymous sites was negative and consistently lower than the corresponding average for synonymous sites in all 3 groups of genes (table 3) . This suggests that all the above a values may be underestimates. In an effort to reduce this effect, we repeated the analysis after removing lowfrequency (singleton) polymorphisms at both synonymous and nonsynonymous sites. This led to higher estimates of a (76%, 31%, and 30% for male-, female-, and unbiased genes, respectively), but again only male-biased genes showed significant evidence of positive selection ( fig. 1B) . For comparison, figure 1 also shows the a estimates for autosomal genes of the 3 expression categories (Pröschel et al. 2006) . Overall, the X-linked and autosomal genes showed a similar pattern, with the strongest signal of positive selection in the male-biased genes. In addition, the male-biased genes showed a consistent difference between the X chromosome and autosomes, with a higher a for X-linked genes. However, in all cases there was considerable overlap in the 95% confidence intervals (CIs) of a for X-linked and autosomal genes ( fig. 1 ).
Estimation of the Selection Parameter, c
The Bayesian analysis method of Bustamante et al. (2002) uses MK table data to estimate the selection parameter c 5 2N e s (where N e is the effective population size and s is the selection coefficient) for amino acid replacements in a group of genes, under the assumption that c is normally distributed among genes. In the case of neutral evolution, c is expected to be 0. A positive c indicates positive selection, whereas a negative c can indicate either balancing or weak purifying selection. Application of this method to our data produced c estimates of 4.7 and 2.5 for male-and femalebiased genes, respectively ( fig. 2A ). In both cases, the proportion of the distribution falling below 0 was less than 1% [P (c 0) 5 0.0001 and P (c 0) 5 0.0095, for male-and female-biased genes, respectively], indicating positive selection favoring amino acid replacements. In contrast, the mean c for unbiased genes was À0.8 [P (c 0) 5 0.92], indicating weak purifying selection against nonsynonymous mutations. After repeating the analysis with singleton polymorphisms removed as above, the estimates for male-, female-and unbiased genes were 7.4, 2.1, and 0.5 [P (c 0) , 0.0001, P (c 0) 5 0.0019, and P (c 0) 5 0.19, respectively; fig. 2B ]. Figure 2 also shows the c distributions of the autosomal genes surveyed by Pröschel et al. (2006) . A large difference between X-linked and autosomal male-biased genes is evident, with the average c of the X-linked genes being 5-fold higher than that of the autosomal genes [P (X Auto) , 0.0001]. Interestingly, after correcting for weak purifying selection, both the X-linked and autosomal unbiased genes displayed similar distributions centered on 0, whereas X-linked and autosomal female-biased and autosomal male-biased genes displayed similar distributions centered on c ; 2 ( fig. 2B) . The X-linked male-biased genes had by far the highest mean c, which was 3-fold greater than that of the autosomal male-biased genes [P (X Auto) , 0.0001]. P values (in parentheses) were determined as the proportion of 1000 simulations giving a D value lower than or equal to the observed.
Evolution of X-Linked Sex-Biased Genes 1643 Joint Estimation of a and c Sawyer et al. (2003 Sawyer et al. ( , 2007 extended the approach of Bustamante et al. (2002) to estimate the distribution of selection parameters associated with nonsynonymous mutations within and among genes. The underlying model assumes that the selective effects of nonsynonymous mutations are normally distributed within genes but that their mean may vary among genes. There are several advantages to this approach. First, it allows the estimation of the selection parameter (c) for several classes of nonsynonymous mutations, including those newly arising in a population, those currently segregating in a population, and those fixed between species. Second, because the distribution of c for all nonsynonymous fixed differences is inferred, it is possible to estimate the proportion of positively selected amino acid replacements (a) using different definitions of positive selection (e.g., c . 0, c . 2). Finally, because the selective effects of segregating polymorphisms are estimated (including those that are slightly deleterious), it is not necessary to remove low-frequency polymorphisms from the data.
We modified the approach of Sawyer et al. (2007) to include a single sequence of each gene from a third species (D. yakuba) that serves as an outgroup to D. melanogaster and D. simulans and allows for better estimation of the selective constraint on each gene over the 2 in-group lineages. Application of this method to the 45 X-linked genes revealed several differences between sex-biased and unbiased genes. Both male-and female-biased genes had a significantly higher proportion of positively selected new and segregating mutations, as well as fixed differences between species, than unbiased genes (table 4). In all of the above cases, male-biased genes had a higher proportion of positively selection mutations than female-biased genes, although none of these comparisons was significant. Consistent with previous findings for autosomal genes (Sawyer et al. 2007 ), a strict definition of positive selection (c . 0) produced a estimates of 95% or higher for all groups of genes. This value drops fairly rapidly as the cutoff c value for positive selection increases, making the differences among male-, female-, and unbiased genes more apparent ( fig. 3 ) and suggesting that most amino acid replacements are weakly beneficial.
Application of the above method to the 91 autosomal genes of Pröschel et al. (2006) gave a result similar to that of the X-linked genes with respect to sex-biased and unbiased genes, although in all cases the proportion of positively selected amino acid replacements was lower in the autosomal genes ( fig. 3 ). To investigate this further, we calculated the rate of adaptive substitution for each group of genes, which we defined as the number of positively selected amino acid replacements per 1000 nonsynonymous sites. This measure takes into account not only the proportion of amino acid replacements that are adaptive but also the total number of replacements that have occurred between species. Figure 4 shows the X:autosome ratio of adaptive substitution for male-, female-, and unbiased genes. In all cases, the ratio is greater than 1, indicating an increased rate of adaptive evolution for X-linked genes (i.e., a fast-X effect). The largest effect is seen for male-biased genes, whereas the smallest is seen for female-biased genes. 
Whole-Genome Comparisons
The above analyses indicate that X-linked genes, especially those with male-biased expression, experience greater rates of adaptive evolution than their autosomal counterparts. To see if this difference is reflected in overall sequence divergence between species, we examined the ratio of nonsynonymous to synonymous divergence (d N /d S ) in male-, female-, and unbiased genes for whole-genome comparisons of D. melanogaster and either D. simulans or D. yakuba (fig. 5 ). In general, male-biased genes were significantly more divergent between species than either female-or unbiased genes (Mann-Whitney U test, P , 0.002 for all comparisons). Furthermore, X-linked malebiased genes had significantly higher d N /d S than autosomal male-biased genes, which is consistent with a greater rate of adaptive amino acid sequence replacement in the X-linked genes. There was also a small, but significant, increase in d N /d S for X-linked relative to autosomal unbiased genes. There was no difference in d N /d S between X-linked and autosomal female-biased genes. These results are in qualitative agreement with the X:autosome ratios of adaptive substitution rates inferred from the polymorphism and divergence data ( fig. 4 ).
Discussion
Selection on X-linked Sex-Biased Genes Our analysis of X-linked protein-coding genes by individual MK tests and the multilocus tests of Bierne and Eyre-Walker (2004) Boxes represent the interquartile range, and heavy lines indicate the median. The number of genes in each class is given above the box. Brackets indicate significant differences between X-linked and autosomal genes within a given expression class. **P , 0.01, ***P , 0.001.
Evolution of X-Linked Sex-Biased Genes 1645 male-biased genes. Female-biased genes showed a weaker signal of positive selection that was significant by the test of Bustamante et al. (2002) and marginally significant by the test of Bierne and Eyre-Walker (2004) . Unbiased genes showed little or no evidence for adaptive evolution by the above tests. These results match those reported previously for a similarly selected set of autosomal sex-biased genes (Pröschel et al. 2006) . Taken together, this demonstrates that regardless of sex linkage, male-biased genes experience the greatest rate of adaptive protein evolution, followed by female-biased genes, and then unbiased genes. Although male-biased genes are significantly underrepresented on the X chromosome, those that remain X-linked do not appear to be at a disadvantage with respect to their opportunities for adaptive evolution. Instead, X-linked male-biased genes appear to experience more adaptive evolution than their autosomal counterparts (see below).
Analysis of the polymorphism and divergence data using a modified version of the method of Sawyer et al. (2007) provided a more detailed picture of the distribution of mutational effects. We find that in all 3 groups of genes, over 95% of the amino acid differences fixed between species can be attributed to positive selection if one uses the strict definition of c . 0. However, the selective advantage of these amino acid replacements is typically quite small, rarely exceeding c . 20 ( fig. 3) . Thus, the vast majority of these replacements could be considered ''nearly neutral.'' This result is consistent with a previous analysis of autosomal genes, which found a large excess of positively selected changes among nearly neutral amino acid replacements in Drosophila (Sawyer et al. 2007 ). However, we do observe some differences in the distributions of the fitness effects of amino acid replacements related to differences in sexbiased expression. For example, under a more conservative definition of positive selection (e.g., c . 8 or c . 12), malebiased genes clearly show the highest rate of adaptive evolution, followed by female-biased genes, and unbiased genes (table 4 and fig. 3 ). These results are consistent with those produced the methods of Bierne and Eyre-Walker (2004) and Bustamante et al. (2002) and suggest that an advantage of the Sawyer et al. (2007) method (and its extension presented here) is its ability to distinguish weakly selected amino acid replacements.
Also consistent with Sawyer et al. (2007) , we find that the majority (around 70%) of nonsynonymous mutations segregating within a population are deleterious, although this differs significantly among the different sex-bias classes. Male-biased genes had the lowest frequency of deleterious segregating amino acid mutations (c , 0), whereas unbiased genes had the highest (table 4) . Conversely, male-biased genes had the highest frequency of positively selected segregating amino acid mutations (c . 0), whereas unbiased genes had the lowest.
Faster-X Evolution
Comparison of polymorphism and divergence in 45 Xlinked genes with that in 91 similarly chosen autosomal genes revealed evidence for a fast-X effect, which was particularly strong for male-biased genes. For example, 41% (7 out of 17) of the X-linked male-biased genes gave a significant MK test that was consistent with the action of recurrent positive selection, whereas only 21% (7 out of 33) of the autosomal male-biased genes did so. Similar results were obtained from the multilocus implementations of the MK test, with X-linked male-biased genes consistently showing the strongest signal of positive selection (figs. 1-3). Two main factors are likely to contribute to the increased size of the fast-X effect in male-biased genes. First, malebiased genes show the overall highest rates of adaptive evolution. Thus, there are more opportunities for X-linked or autosomal mutations to become fixed through the action of positive selection, which would make differences in the adaptive substitution rate between the X chromosome and the autosomes easier to detect. Second, male-biased genes primarily experience selection while in the heterogametic sex. As an example, consider a gene that is expressed exclusively in males. If new beneficial mutations tend to be recessive, then those occurring in an X-linked gene will have a higher fixation probability than those occurring in an autosomal gene because the X-linked mutations always experience selection in a hemizygous state. In contrast, a mutation occurring in an X-linked gene expressed exclusively in females will never be exposed to selection in a hemizygous state. Thus, new beneficial mutations that are recessive will always be hidden from selection until they drift to high enough frequency to be present in homozygotes. Consistent with this expectation, our results indicate that the female-biased genes show the weakest fast-X effect (fig. 4) . The presence of a weak fast-X effect for femalebiased genes ( fig. 4 ) may be explained by the fact that these genes do not necessarily have female-exclusive expression. Thus, they may experience some selection while in the male genetic background. It is also possible that the fixation of dominant mutations that are beneficial to females, but harmful to males, contributes to the increased rate of adaptive evolution of X-linked, female-biased genes (Rice 1984; Charlesworth et al. 1987) .
The fast-X effect should be strongest for genes with male-specific expression. Thus, one might expect a positive correlation between the male/female expression ratio and the rate of adaptive evolution of X-linked genes. Indeed, for the X-linked male-biased genes, we detect a significantly positive correlation between the male/female expression ratio and the selection parameter of amino acid replacements, c (Pearson's R 5 0.55, P 5 0.02). There is also a positive correlation between the male/female expression ratio and d N /d S , although this is not significant (R 5 0.12, P 5 0.65). For the autosomal male-biased genes, correlations between the male/female expression ratio and either c (R 5 0.12, P 5 0.53) or d N /d S (R 5 À0.03, P 5 0.85) are not significant. The increased rate of adaptive evolution detected for the X-linked genes is not due to a greater male bias in their expression relative to the autosomal genes. On average, the autosomal genes show stronger male-biased expression than the X-linked genes (15-fold vs. 6-fold).
Microarray data indicate that all the genes in our survey are expressed in male reproductive tissues and that there is strong enrichment is testis (see Materials and Methods). Because the X chromosome is thought to become transcriptionally inactive during spermatogenesis (Lifschytz and Lindsley 1972; Hense et al. 2007) , it may be that the X-linked genes differ from the autosomal genes in their function or in the timing of their expression (e.g., early vs. late spermatogenesis). At present, the functional annotation of the genes and the profiles of their expression during spermatogenesis are not known well enough to determine if such differences between the X and the autosomes exist. However, it is known that male-biased genes are underrepresented on the X and that they show a relatively high turnover rate between species ). Using the strict statistical criteria of Zhang et al. (2007) , we find that 4/17 (24%) of the X-linked male-biased genes and 16/33 (48%) of the autosomal male-biased genes have conserved sex bias across the 3 species used in our analyses (D. melanogaster, D. simulans, and D. yakuba) . The selection parameter of amino acid replacements, c, does not differ significantly between conserved and nonconserved genes on the X (9.34 vs. 7.79, Mann-Whitney U test, P . 0.5) or the autosomes (5.56 vs. 5.62, P . 0.5). Similarly, d N /d S does not differ significantly between conserved and nonconserved genes on either the X (0.52 vs. 0.34, P . 0.5) or the autosomes (0.14 vs. 0.12, P . 0.5). However, the conserved genes tend to have higher mean c and d N /d S than the nonconserved genes. This may be because the conserved genes have spent more of their evolutionary history as male-biased and, thus, have been subject to positive selection over a longer time scale. If so, this would make our detection of a fast-X effect conservative, as the X-linked genes have, on average, spent less of their evolutionary history as male-biased genes.
For all the multilocus tests of selection, we performed our analyses separately on X-linked and autosomal genes to avoid making any a priori assumptions about the relative effective population size N e of X-linked and autosomal genes. For methods that estimate selection parameters in terms of c 5 2N e s, there could be a systematic bias if the X and autosomes differ in N e . One might expect the X to have a smaller N e because, in a population with equal numbers of males and females, there are 3 X chromosomes for every 4 copies of an autosome. However, several population genetic surveys have found no reduction of Xlinked relative to autosomal polymorphism in African populations, including the population used here (Andolfatto 2001; Kauer et al. 2002; Hutter et al. 2007) , which suggests that the X and autosomes have nearly equal N e . Our own data also suggest an equal N e for X chromosomes and autosomes: when combined with the data of Pröschel et al. (2006) the X:autosome ratio of synonymous polymorphism is 1.1, which does not differ significantly from 1.0 (v 2 5 2.76, P 5 0.10).
Genome-Wide Divergence
In the above discussion, the fast-X effect refers to a greater rate of adaptive evolution for X-linked genes, which is inferred from ratios of polymorphism and divergence at synonymous and nonsynonymous sites. This does not necessarily mean that these genes have a higher rate of nonsynonymous substitution between species. As an example, consider the case in which gene A has 10 nonsynon-ymous fixed differences between species and an a of 0.5, whereas gene B has 40 nonsynonymous fixed differences and an a of 0.1. If the 2 genes have similar rates of synonymous substitution, then gene B would appear to evolve faster, whereas gene A would have the higher rate of adaptive evolution. However, much of the difference in rates of adaptive evolution between X-linked and autosomal genes in our data results from differences in the ratio of the number of nonsynonymous to synonymous fixed differences (D n /D s ). For example, D n /D s for X-linked male-biased genes is 1.4, whereas that for autosomal male-biased genes is 0.5. This suggests that we should be able to detect a signal for faster-X evolution from whole-genome comparisons of nonsynonymous/synonymous substitution rates (d N /d S ), especially when partitioning genes into sex-bias classes. This is exactly what we see in our whole-genome comparisons. There is a significant fast-X effect for male-biased and unbiased genes ( fig. 5 ), but not for female-biased genes. These results match the expectation for the frequent occurrence of recessive beneficial mutations, which should have the strongest effect in male-biased genes, the weakest effect in female-biased genes, and an intermediate effect for unbiased genes (see above).
Our detection of the fast-X effect depends on the partitioning of genes into sex-bias classes. For example, although the effect is strong for male-biased genes, there are very few of these genes on the X chromosome ( fig. 5 ). If one were to pool all X-linked and autosomal genes in the genome, the X-linked male-biased genes would cause only a small increase in overall X-linked divergence, whereas the autosomal male-biased genes would have a larger effect on autosomal divergence. Because both X-linked and autosomal male-biased genes have higher divergence than their female-biased and unbiased counterparts ( fig. 5 ), this would work to obscure the fast-X effect. Similarly, the inclusion of female-biased genes would tend to obscure the effect, as these genes show no significant difference in d N /d S between the X and the autosomes ( fig. 5 ). Finally, it should be noted that the unbiased genes were carefully chosen to show no male or female expression bias in any of 3 microarray data sets (Gnad and Parsch 2006) . Thus, many genes that show conflicting sex-bias among experiments were not included in our analysis. If we repeat the analysis by pooling all genes in the genome, without consideration of sex bias, there is no evidence for a fast-X effect (Mann-Whitney U test, P 5 0.10 for D. melanogaster/D. simulans, P 5 0.49 for D. melanogaster/D. yakuba).
Comparison with Previous Studies
Our observation of a fast-X effect, both from analysis of polymorphism/divergence data and from whole-genome comparisons, runs counter to several recently published studies, most notably those of Connallon (2007) and Thornton et al. (2006) , both of which found no evidence for faster-X evolution. Below we discuss several factors that may contribute to these differences. Connallon (2007) used previously published polymorphism and divergence data from 337 D. melanogaster genes, including the autosomal data of Pröschel et al. (2006) used here, to show that a (measured by the method of Bierne and Eyre-Walker [2004] ) is not significantly higher for X-linked than for autosomal genes. However, this data set contained only 2 X-linked male-biased genes (defined as having greater than a 2-fold male bias in a single genome-tiling microarray experiment [Stolc et al. 2004] ) and thus was not suitable for testing faster-X evolution in male-biased genes, which are the group that show the strongest effect ( fig. 4) . To avoid problems of the unequal representation of X-linked and autosomal male-biased genes, Connallon (2007) removed all male-biased genes and analyzed a pooled set of female-biased and unbiased genes. This data set also showed no significant difference in a between X-linked and autosomal genes. A limitation of this approach is that the a estimates produced by the method of Bierne and Eyre-Walker (2004) typically have large 95% CIs, which makes it nearly impossible to detect significant differences between groups of genes when significance is defined by nonoverlapping 95% CIs. Our own data show that there is considerable overlap in the 95% CIs of a for X and autosomal genes ( fig. 1 ) and also among male-biased, female-biased, and unbiased genes within the different chromosome groups. Thus, the inability to detect a fast-X effect by this approach may be a result of a lack of statistical power. Interestingly, the data of Connallon (2007) do show a consistent, but not significant, trend of higher a for X-linked genes (see his fig. 2 ). Thornton et al. (2006) took advantage of an X-autosome translocation present in Drosophila pseudoobscura and Drosophila miranda, but absent in D. melanogaster and D. yakuba, to test for faster-X evolution. For this, they examined d N /d S of homologous genes that were X-linked in one species pair, but autosomal in the other. This analysis revealed no evidence for a fast-X effect. Additionally, these authors investigated d N /d S of X-linked and autosomal genes with male-and female-biased expression between D. melanogaster and D. yakuba. Here they found no significant difference in d N /d S between X-linked and autosomal genes within either expression class. For the male-biased genes, this contradicts our findings ( fig. 5 ). There are 3 differences between our analysis and that of Thornton et al. (2006) that might explain this discrepancy. First, they used only a single microarray data set (Parisi et al. 2003 ) to classify sex-biased genes, wheras we used a consensus of this data set and 2 others (Ranz et al. 2003; Gibson et al. 2004 ). Thus, our data presumably contain fewer incorrectly classified genes. Second, Thornton et al. (2006) included only autosomal genes from chromosome arm 3L, whereas we include genes from all autosomal chromosome arms (except chromosome 4). The larger sample size of autosomal genes in our analysis should result in increased statistical power. Finally, Thornton et al. (2006) included only genes for which homologs could be aligned in D. melanogaster, D. yakuba, and D. pseudoobscura, whereas we did not require conservation in D. pseudoobscura. This is probably the major factor contributing to the difference between the 2 studies. The requirement of conservation in D. pseudoobscura eliminates the most rapidly evolving genes from the analysis, and it is known that male-biased genes, especially those that are X-linked, tend to be the least conserved between distantly related species (Parisi et al. 2003; Zhang et al. 2004; Musters et al. 2006; Haerty et al. 2007; Sturgill et al. 2007; Zhang et al. 2007 ). Indeed, this can explain why the d N /d S values of Thornton et al. (2006; see their fig. 3 ) are much lower than the values in figure 5. If we repeat our analysis following the method of Thornton et al. (2006) as closely as possible, we get median d N /d S values of 0.061 and 0.058 for male-biased genes on chromosomes X and 3L, respectively, and this difference is not significant (Mann-Whitney U test, P 5 0.44). Thus, the results presented by Thornton et al. (2006) appear to be valid for the data they used. However, we suggest that their approach was too conservative to detect a fast-X effect for male-biased genes.
Because detection of the fast-X effect appears to be sensitive to several factors described above, it is not surprising that its existence has been controversial and that different studies have reached opposite conclusions. Our results show that X-linked genes, especially those with malebiased expression, do evolve faster that autosomal genes and that this difference in evolutionary rate is due to increased adaptive evolution of X-linked genes. Detection of this effect, however, requires the accurate partitioning of genes by their expression level in the 2 sexes and the use of sufficiently powerful statistical methods.
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